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Introduction
In a previous study (Stenfelt et al., 2002 ) the loudness of bone conducted (BC) sound was compared with that of air conducted (AC) sound. In that study, stimulation was by narrowband noises at six frequency-ranges between 0.25 and 4 kHz. The study tested a dynamic range between 30 and 80 dB HL, and the 50 dB increase in AC delivered sound was followed by a lesser increase of BC delivered sound for the same perception of loudness. For normalhearing participants, the greatest difference between the AC and BC level increase while maintaining equal loudness was at the lowest frequency (0.25 kHz) where an 8 dB BC level increase gave the same loudness increase as a 10 dB AC level increase (a ratio of 0.8 dB/dB).
At frequencies above 1 kHz, the BC increase to equal the loudness of an AC 10 dB level increase was between 9.1 and 9.3 dB (ratios of 0.91 to 0.93 dB/dB).
When the same equal loudness estimation was done with sensorineural hearing-impaired subjects in that same study (Stenfelt et al., 2002) , the ratios of the BC and AC loudness functions were more pronounced at the low frequencies (below 1 kHz) while they were similar at and above frequencies of 1 kHz. These data indicated that there were differences between the loudness functions for AC and BC stimulation in humans.
One method that has been popular for investigating BC sound was the so-called cancellation experiments. In these experiments, a BC tone was perceptually cancelled by an AC tone of the same frequency. The first to use this method was von Békésy (1932) who was able to cancel a 0.4 kHz BC tone by an AC tone of 0.4 kHz in the human. That study indicated that a BC sound elicited a traveling wave on the basilar membrane that was equal to the traveling wave produced by an AC sound. In a later study, Khanna et al. (1976) explored the cancellation between AC and BC tones for levels between 40 and 70 dB SL. They conducted 5 cancellations while altering the stimulus intensities in 10 dB steps; an increase in BC stimulation level of 10 dB resulted in a 10 dB level increase of the required AC cancellation tone. Consequently, they reported the relative amplitude and phase settings at cancellation to be independent of stimulation level.
Another AC-BC cancellation study that investigated the level-dependence of the amplitude and phase settings at cancellation was conducted by Stenfelt (2007) . In that study, either a 0.7 or 1.1 kHz BC tone was cancelled by an AC tone at the same frequency for the three levels 40, 50 and 60 dB HL. The results from that study indicated that the relative amplitude and phase settings between the AC and BC tone were independent of the stimulation level. Also, that study showed that the cancellation at 0.7 kHz was not disturbed when an additional tone of 1.1 kHz was introduced and the cancellation at 1.1 kHz was not disturbed by introducing a 0.7 kHz tone. Consequently, according to Stenfelt (2007) , a 10 dB increase in BC sound level caused a basilar membrane vibration change that was similar to that caused by a 10 dB increase in AC sound level.
Another indication that AC stimulation and BC stimulation caused similar vibration patterns of the basilar membrane was found in human temporal bone experiments where the vibration of the basilar membrane was measured with a laser Doppler vibrometer (Stenfelt et al., 2003) . In that study, the maximum vibration response for a specific position on the basilar membrane was obtained at the same frequency for both AC and BC stimulation. Even if this was not a conclusive evidence that BC stimulation excited the basilar membrane exactly as AC stimulation excited the basilar membrane, it was an indication of similar vibration patterns. Moreover, a modeling approach for understanding the basilar membrane response with BC stimulation showed similar results as the temporal bone specimen study (Kim et al., 2011) . Also, electrophysiological data (Beattie, 1998) and oto-acoustic emission data 6 (Watanabe et al., 2008) indicated similarity of the basilar membrane vibration pattern when stimulation was either by AC or BC.
However, there were also documented differences between AC and BC sound perception.
One such difference was the ability to perceive ultrasonic sound (20 to 120 kHz) when presented by BC but not through AC (Hosoi et al., 1998) . The mechanisms for detection of BC ultrasound was not completely clarified and several possible explanations have been provided, such as demodulation due to non-linearities in the skull bone (Haeff et al., 1963) or non-linear processing in the cochlea (Nishimura et al., 2011) .
Consequently, the differences between loudness functions found in Stenfelt et al. (2002) were speculated to originate in either the loudness estimation procedure or in multi-sensory excitation during BC stimulation resulting in loudness integration. In order to further investigate the BC stimulated loudness function, the outcome of categorical loudness scaling with AC and BC stimulation is here investigated in normal-hearing subjects.
The study was approved by the local ethical committee. 
Materials and Methods

Subjects
Twenty normal-hearing subjects with hearing thresholds equal or better than 20 dB HL for both AC and BC stimulation in the frequency range 125 to 8000 Hz (500 to 4000 Hz for BC) volunteered to participate in the study. They all had a maximum interaural difference of 10 dB at any audiologic frequency and their mean age was 30.6 years (range 18 to 42 years); twelve were male and eight were female. They all had otologically normal ears and none had history of ear surgery.
Test set-up
The loudness scaling test was computerized using MatLab® with 24-bit amplitude resolution of the sound. The output of the computer soundcard (M-Audio Transit, using 24-bit resolution and 44.1 kHz sampling rate) was fed to a 4-channel power amplifier (Rotel RA-04 SE) where two channels were used for AC stimulation and two channels for BC stimulation.
The AC stimulation was provided by a pair of Sennheiser HDA200 earphones coupled to the amplifier while the BC stimulation was provided by a pair of custom made BC transducers.
The BC transducers used a balanced technology (Håkansson, 2003) to minimize distortion; each transducer was encapsulated in a plastic housing with a flat elliptic surface of 25x18 mm and a height of 10 mm. The BC transducers were bilaterally applied to the mastoid just behind the pinnae using an elastic band providing equal static force to both transducers. The exact static force depended on the size of the skull and the range of the static force for the participants was 3 to 5 Newtons. The stimulation was binaural for both BC and AC stimulation.
Two types of stimulation were used, one low-frequency noise (0.6 to 0.9 kHz) and one highfrequency noise (3.0 to 4.0 kHz). These were provided by both AC and BC and, in total, 4 8 conditions were tested. To avoid order effects, the test-orders were counterbalanced among the participants. The stimuli were created in MatLab® by band-pass filtering white Gaussian noise with the corner-frequencies given above using slopes of 48 dB/octave. The final stimulation was a 1 second noise burst with 50 ms rise and fall times. After each stimulation the participant rated the loudness using the categorical scale described in the next section.
Categorical loudness scaling
The categorical loudness scaling was done according to ISO:16832 (2006) in a way similar to that described by (Brand et al., 2002) . The scaling procedure was conducted on a computer with 11 response alternatives (Fig 1) were each step corresponded to an increase of 5 categorical units (0 to 50 cu). The participant faced a computer screen with the interface shown in Fig 1, and the response was given by clicking on one of the bars (labeled or unlabeled) with the mouse button. A response of the perceived loudness was always given before the next stimulation was provided.
First, the maximum and minimum of the scale was determined (Inaudible = 0 cu; Too loud = 50 cu). This was accomplished by starting the stimulation at approximately 60 dB HL 1 and thereafter increasing the level in steps of 5 dB until the loudness was rated as "Too loud" (50 cu). Then the level was decreased in 10 dB steps until the sound was rated as "Inaudible". All rated loudness responses and corresponding stimulation levels were stored on the computer.
As a precaution and to avoid hazardous levels, the maximum allowed stimulation level was set at 100 dB HL for all conditions. For all the participants, this level was only reached a few times during the loudness rating and was always rated as "Too loud". Also, to avoid that the dynamic range of the test system affected the low-level stimulations, the lowest producible level was approximately 20 dB below the threshold for the stimuli.
1 Hearing level is not defined for these stimuli but the approximate threshold for the stimuli was piloted in 5 subjects before the study and the 60 dB HL was 60 dB above these thresholds.
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The adaptive procedure for determining the loudness function began by assigning stimulation levels for the five labeled parts of the scale between very soft (5 cu) and very loud (45 cu) using a linear interpolation from the obtained maximum and minimum levels. 
Statistics
Repeated measures analysis of variance (ANOVA) were conducted on the estimated parameters separately to reveal differences (if any) between AC and BC stimulation as well as between the low and high-frequency slopes. The level of statistical significance was set at p < 0.05.
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Results
Loudness functions
The loudness functions measured using the categorical scaling procedure are shown in Fig The estimated loudness functions at low and high frequencies with AC stimulation (Fig 2a) were similar. The inaudible levels (cu = 0) were on average around 10 dB SPL for both stimuli and the maximum levels (Too loud, cu = 50) were approximately 90 dB SPL. The SDs also were similar for the estimated loudness functions using high and low-frequency noise bursts. The loudness functions seem different when the stimulation was through BC (Fig 2b) . This apparent difference originates in the different scales used for AC and BC sound: sound pressure level (dB SPL) for AC sound and force level (dB re 1µN) for BC sound. Consequently, different reference levels are used for the two stimulation modalities.
Also, the sensitivity in force levels is different for a low-frequency BC sound than for a highfrequency BC sound while, for the frequencies used here, the sensitivity is similar in sound pressure levels for a low-frequency AC sound and a high-frequency AC sound. These issues explain the major differences between the loudness functions in Fig 2. With the low-frequency BC stimulation, the inaudible level was around 60 dB re 1µN and the (Brinkmann et al., 1983) [vertical dashed line].
Dynamic range
The data in It can be seen in Fig 3 that the average dynamic ranges with the two AC stimulations were similar, 81.2 dB for the low-frequency noise bursts and 80.3 dB for the high-frequency noise bursts. The average dynamic ranges for the two BC noise bursts were smaller, 71.4 dB and 74.1 dB for the low-frequency and the high-frequency stimulation, respectively. These estimated dynamic ranges were computed according to equation 1 and the differences seen in 
Discussion
The results in this study using an adaptive categorical loudness scaling procedure indicated that the loudness functions were steeper for BC stimulation than for AC stimulation, more so with a low-frequency stimulation than with a high-frequency stimulation. These results was counter-balanced among the participants, the results were unlikely an effect of test order.
One difference in the method between the current study and the Stenfelt et al. (2002) study was the presentation of the sound. In the current study, both the AC and BC sound was applied bilaterally while only the AC sound was given to both ears in Stenfelt et al. (2002) .
The use of unilateral stimulation in the Stenfelt et al. (2002) study was motivated by the low transcranial attenuation of BC sound (Stenfelt, 2012) . The inter-aural difference would, on average, be close to 0 dB for frequencies below 1 kHz and be limited by about 10 dB at higher frequencies (Stenfelt, 2012) . However, the inter-subject spread in BC transcranial attenuation data is great and there could be important inter-aural differences for some of the participants in the Stenfelt et al. (2002) study. Such inter-aural differences could affect the perception of loudness due to differences in binaural loudness summation. According to Zwicker et al. (1991) , for narrow-band noises similar to that used in the current study and the 16 study by Stenfelt et al. (2002) , inter-aural differences of 4 dB or less did not produce a significant different binaural loudness summation than equal binaural stimulation. They also reported that for levels of 40 dB SPL and above, it was only at the highest level (90 dB SPL) that the binaural loudness summation showed any level dependence. Also Scharf (1969) indicated that binaural loudness summation of narrow-band signals was almost constant with level. This is further in line with recent data of Sivonen et al. (2006) who also reported minimal influence from the stimulation level on binaural loudness summation. Consequently, even though the inter-aural level difference with BC stimulation was not controlled in the Stenfelt et al. (2002) study, the influence from binaural loudness summation seem to be negligible and those data can be compared with the current study.
Even so, the finding that AC and BC stimulation produced different loudness functions could not be explained easily. For example, such results indicate that the vibration level of the basilar membrane as a function of stimulation level was different for AC than for BC sound.
However, the results in the literature indicate that the vibration level of the basilar membrane as a function of stimulation level was similar for AC and BC stimulation. One such example was AC-BC cancellation experiments, where an AC tone perceptually canceled a BC tone. In such experiments, no effect of the stimulus level on the relative amplitude and phase settings at the cancellation point was reported (Khanna et al., 1976; Stenfelt, 2007) . It should be mentioned that in the study of Khanna et al. (1976) , they reported a remaining 2 nd harmonic at cancellation for frequencies below 2 kHz; this 2 nd harmonic increased with increasing stimulation level. Although this may suggest differences in the vibration pattern of the basilar membrane for AC and BC stimulation, the remaining 2 nd harmonic could also be explained by distortion in the BC transducer (Stenfelt, 2007) . However, there are other plausible explanations for the results found here and in the Stenfelt et al. (2002) study, for example (1) non-linear sound transmission, (2) differences in efferent control for AC and BC sound, and (3) multi-sensory loudness integration.
Non-linear sound transmission
The non-linearity could originate in the stimulation transducer, the transmission pathway, and/or in the cochlea. For AC stimulation, the non-linearity of the stimulation transducer was considered negligible for stimulation levels up to 100 dB SPL. Also, the sound transmission through the outer and middle ear was expected to be linear (Merchant et al., 1996) with the exception of the acoustic reflex that may have affected the transmission at the higher levels for the low-frequency sound (Neumann et al., 1996; Zhao et al., 2010) . It has been shown that the acoustic reflex may be elicited at stimulation levels down to 50 to 60 dB SPL (Goodman et al., 2006; Zhao et al., 2010) . Consequently, the acoustic reflex may influence the sound transmission for the low-frequency sound at levels above 50 dB SPL. There are only limited data on the influence of the acoustic reflex on BC sound transmission in the human (Stenfelt, 2010 ) but animal studies have indicated it to be similar to AC stimulation (Irvine, 1976) .
The transmission of BC sound in the human skull was reported linear for the levels used in this study (Håkansson et al., 1996; Stenfelt et al., 2005a) . The BC transducer used a balanced technology that reduced the non-linear distortion compared with conventional BC transducers such as the Radioear B71. As a consequence, the total harmonic distortion was less than 3% even at the highest BC stimulation levels, which was in line with the distortion analysis provided in Håkansson (2003) . This means that the stimulation one octave above the stimulation frequency (at the 2 nd harmonic) was about 30 dB below the level of the stimulation frequency. But, because the sensitivity to BC sound was approximately 12 dB better at 1.5 kHz than at 0.75 kHz, the effective stimulation due to the distortion in the BC transducer at the 2 nd harmonic was some 15-20 dB below that of the fundamental stimulation.
Even if this distortion added to the perceived loudness, according Moore et al. (1997) the effect was less than 1 dB.
Therefore, neither BC skull transmission nor the BC transducer caused a significant distortion component to influence the loudness function. However, at the highest BC levels, for some subjects, the dynamic force exceeded 5 Newtons (134 dB re 1 µN) which was greater than the static force pressing the BC transducer against the mastoid. Such a condition would be associated with significant distortion overtones that could significantly increase the perceived loudness.
The processes in the cochlea are non-linear, including the action of the outer hair cells that influence basilar membrane vibration and the processes within the inner hair cells that transform those vibrations into neural signals. The AC sound transmission is straight-forward involving the outer and middle ear before producing a sound pressure in the scala vestibuli in the cochlea (Aibara et al., 2001 ). The BC sound transmission is more complex involving several frequency-dependent pathways that integrate to produce a vibration of the basilar membrane (Stenfelt, 2011; Stenfelt et al., 2005b) . However, even if the BC sound transmission is more complex than the AC sound transmission, there are no indications that BC sound have a different level growth function of the basilar membrane vibration than AC sound. According to the above, it is not likely that the finding of a general difference in the loudness function between AC and BC sound originate in non-linearities, neither in the transducers, sound transmission pathways, nor the cochlea.
Efferent control
The perception of loudness involves central processes (Neuhoff et al., 1999) and the neural transmission may be affected by efferent control mechanisms (Stenfelt et al., 2009 ). For example, it has been shown that the auditory evoked amplitude of the neural activity in the 19 brainstem is modulated by the cognitive load (Sörqvist et al., 2012) . Consequently, if the BC sound influences the efferent control differently than the AC sound, the loudness function difference may be related to changes in the top-down control for either AC or BC sound.
However, there are no indications in the literature that such differences between AC and BC stimulation exist. Even so, one such efferent control mechanism is the acoustic reflex mentioned in the previous section. However, the acoustic reflex influences the sound transmission to the cochlea and its effect would change the basilar membrane vibration. Such a change of basilar membrane vibration would influence the amplitude and phase setting in AC-BC cancellation experiments. As described previously, no effect of stimulation level were reported in AC-BC cancellation experiments and the acoustic reflex was not likely the major origin for the different loudness functions found in this study. Furthermore, the acoustic reflex affects the sound transmission at higher stimulus levels, and the differences between the slopes of the loudness functions for AC and BC stimulation were largest with low-level stimuli.
Multi-sensory loudness integration
As noted in the previous section, loudness perception includes central processing.
Consequently, other sensory inputs may add to the perception of the auditory stimuli with the integrated perception being greater than auditory alone. One such example is that the combination of auditory and tactile stimulation facilitates detection of a stimulation (Wilson et al., 2010a) . Another example is that the combination of auditory and tactile stimulation result in greater perception of loudness than auditory stimulation alone (Wilson et al., 2010b) .
As a result, the steeper loudness function with BC stimulation compared with AC stimulation may be caused by integration of multi-sensory input present with BC stimulation but absent with AC stimulation.
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A relevant question is then what multi-sensory stimulation is available with BC stimulation but not with AC stimulation? Vibrotactile excitation was present during BC stimulation, especially at lower frequencies and at higher levels (Brinkmann et al., 1983) . For example, the approximate vibrotactile threshold level for 750 Hz shown in Fig 2b indicated that it was only at the highest levels for the low-frequency stimulation that the tactile perception could influence the loudness perception with BC stimulation. However, the difference between AC and BC stimulated loudness functions were seen already at low levels. Moreover, the difference between the slopes of the AC and BC stimulated loudness functions were present at the higher frequencies. If the vibrotactile excitation only influenced the loudness perception at levels above the vibrotactile threshold, it was not the sole explanation for the finding of different loudness functions for AC and BC sound.
Another modality that could be excited during BC stimulation was the vestibular system. This system also was reported to be evoked at low frequencies and high levels (Sheykholeslami et al., 2001) . Therefore, it did not explain the findings here as statistically significant difference between the loudness functions for AC and BC stimulation was found at the low stimulation levels.
Individual results
The analysis has so far focused on the average results from the measurements. In Fig 4 , the individual data for the loudness level differences were included. As can be seen, there were individual differences and a few participants even showed steeper loudness functions for AC sound than for BC sound (negative loudness level difference values). In showing the greatest overall AC-BC loudness level difference for high-frequency stimulation.
Moreover, when a median split was made for the ranking of the low-frequency and highfrequency AC-BC loudness level difference, eight of the ten participants showing the greatest differences for the low-frequency stimulation were among the ten participants showing the greatest differences for the high-frequency stimulation. Consequently, there were consistencies between the participants' loudness functions at low and high-frequency stimulation.
There were only limited parameters that could be further analyzed looking for origins for the participants variations of the AC-BC loudness level differences. All participants had normal hearing and no analysis was done regarding hearing thresholds. The age range in the study was limited to 18 to 42 years, and it was difficult to draw firm conclusion relating the influence of age on the results. However, the average age of the ten participants with the greatest differences according to Fig 4a was 30 .7 years while the average age of the other ten participants was 30.5 years. Consequently, for the limited age range in this study, there was no indication that age influenced the results.
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The participants consisted of 12 males and 8 females. Due to the limited numbers, it is not possible to make a thorough analysis of the impact of gender on the results. Even so, if the low-level slope of the loudness function (k lo ) for the low-frequency sound was compared between stimulation modalities, the k lo_AC /k lo_BC = 0.79 for the females while the same ratio was 0.92 for the males. Moreover, six of the eight participating females were among the ten highest ranked for the difference between AC and BC loudness levels, while eight of twelve males were among the ten lowest ranked. Consequently, the results indicate that females have greater differences between AC and BC loudness functions than males. However, due to the limited number of participants and non-matched groups, this indication needs further research before any conclusions can be drawn.
Clinical applications
Even if the current study could not explain the origin of the difference between the loudness functions for AC and BC stimulation, the results in this and previous studies have clinical relevance for the use of BC hearing aids, for example the BAHA (Snik et al., 2005) .
Although statistically significant, the ratio of the slopes for the AC and BC stimulated loudness functions was about 0.9. Consequently, the total effect was limited. Even so, one aim of prescriptions algorithms for hearing aids is to restore the perception of loudness. In the light of the current result, the compression function of the gain for BC hearing aids should be different than for AC hearing aids. It should be noted that this may not be the same as restoring audibility, and the current result may suggest that the maximum output of BC hearing aids should be limited rather than reducing the gain at lower levels. However, such a limited maximum output level of BC hearing aids is already accomplished by the limited maximum output level of BC hearing aids in general.
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Conclusions
The loudness function for low-frequency BC noise bursts was statistically significantly steeper than the loudness function for low-frequency AC noise bursts. The ratio of the slopes of the loudness functions for the two stimulation modalities was 0.88. When the stimulation was a high-frequency noise burst, the ratio of the AC and the BC loudness function slopes was 0.92, but was only statistically significant at the low stimulation levels. These results were similar to the differences between the loudness functions for AC and BC stimulation reported by Stenfelt et al. (2002) . Different loudness estimation procedures were used in the current study (adaptive categorical loudness scaling) and in Stenfelt et al. (2002) (loudness balancing). No conclusive evidence for the origin of the difference was found. It was speculated that the difference partly could originate in multi-sensory stimulation with BC sound that was not present with AC stimulation. It was also plausible that the effect was a summation of several smaller effects as loudness integration of multi-sensory stimulation, spectral loudness summation due to distortion of the BC transducer, and binaural loudness summation due to unequal inter-aural BC stimulation.
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